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Edited by Angel NebredaAbstract Drosophila type 2 Btk29A reveals the highest homol-
ogy to Btk among mammalian Tec kinases. In Btk29AﬁcP mu-
tant males, the apodeme holding the penis split into two pieces.
Human Btk rescued this phenotype in 39% of Btk29AﬁcP males,
while the Drosophila transgenes did so in 90–100% of mutants.
The Btk29AﬁcP mutation reduced adult longevity to 11% that
of wild-type. This eﬀect was counteracted by Drosophila type
2, yielding 76% of the wild-type lifespan. Human Btk extended
the lifespan of Btk29AﬁcP mutants only to 20% that of wild-type.
Thus human Btk can partially replace Drosophila Btk29A+ in
male genital development and survival.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
Keywords: Brutons tyrosine kinase; Genital development;
Longevity; Evolutionary conservation; Drosophila1. Introduction
X-linked agammaglobulinemia (XLA) is one of the most pre-
valent congenital immunodeﬁciency diseases [18], which is esti-
mated to aﬀect one in every 150 000 human males. A gene
coding for a non-receptor-type tyrosine kinase of the Tec family
has been identiﬁed to be responsible for XLA when mutated
[18,31,32]. This kinase is called Brutons tyrosine kinase (Btk)
after O.C. Bruton, a pediatrician, who described agammaglobu-
linemia in 1952 for the ﬁrst time.XLA is characterized by a selec-
tive deﬁcit in the humoral immune response. Aﬀected males
exhibit extremely low concentrations of serum immunoglobulin
andpractically noB lymphocytes. Patients are basically prone to
pyogenic infections, developing respiratory and systemic dis-
eases as well as to enteroviral disease. When untreated, death
normally occurs during early childhood. In both human XLA
and its mouse counterpart [21,29], X-linked immunodeﬁciency
(Xid), the cells in the B cell lineage fail to diﬀerentiate beyond
the pre-B cell stage. Although this deﬁcit likely results from fail-
ure of pre-B or pro-B cells to respond to B cell receptor stimula-Abbreviations: Btk, Brutons tyrosine kinase; XLA, X-linked agamma-
globulinemia
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doi:10.1016/j.febslet.2005.06.042tion, a complete picture for the Btk action in B cell maturation
has not been presented [6,7].
Model organisms have proved useful in gaining insight into
the molecular basis for human genetic disorders [4,5,10]. For
example, by overexpressing human disease genes, phenocopies
of Parkinsonism [8,27], spinocerebellar ataxia (SCA)1 [9],
SCA3 [33], Alzheimers disease [34], and Huntingtons disease
[14] have been successfully produced in the fruitﬂy, Drosophila
melanogaster, with which sophisticated genetic analyses of
human disease genes can easily be accomplished. The use of
such ‘‘humanized ﬂies’’ makes it possible to manipulate the rel-
evant genes while observing their eﬀects on the whole organism
in vivo. They also provide the opportunity to screen for endog-
enous suppressors of disease-associated phenotypes [2,14,19,26]
and for exogenous substances to cure disorders [1,25]. We in-
tended to establish a ﬂy system with which a structure–function
study of the human Btk gene can be conducted in vivo.
In contrast to the mammalian Tec gene family that is com-
posed of ﬁve members, Drosophila has only one Tec family
gene, Btk29A (Fig. 1). In fact, the protein product from the
type 2 splice variant of this gene exhibits the highest homology
to Btk among the ﬁve mammalian Tec kinases [3]. Thus, this
gene is considered to be the ﬂy ortholog of Btk [22]. The type
1 splice variant has a shorter N-terminus that is unique to Dro-
sophila Btk29A [3]. Btk29A displays a dynamic pattern of
expression through the embryonic to adult stages [11,13].
When Btk29A function is lost in the src64mutant background,
cellularization becomes incomplete in the blastodermal
embryo [30] and the late-stage embryo is prevented from
completing dorsal closure [28]. In Btk29A mutant females,
oogenesis is arrested presumably due to deﬁcits in the forma-
tion of ring canals that transfer cytoplasm from nurse cells
to oocytes [12,16,22]. These phenotypes appear to result from
failure to activate actin–myosin contractions [30].
Btk29AﬁcP is a unique allele in that it is devoid of the type 2
isoform while leaving type 1 isoform intact [3]. The Btk29AﬁcP
mutants survive through to the adult stage, exhibiting a copu-
lation defect and reduced lifespan after eclosion [3]. Male gen-
italia are malformed and this likely leads to the observed defect
in copulation [3].
We focused our attention on the anomalies in male genital
structure and the reduced adult lifespan because these phe-
notypes are associated with the selective loss of the type 2
isoform, which represents the Btk ortholog. We determined
whether the normally functioning human Btk gene can
replace the ﬂy type 2 isoform by examining its ability toation of European Biochemical Societies.
Fig. 1. Structural comparison of Drosophila and human orthologs of Btk and Sab/Pcs. Upper panel. Two types of Drosophila Btk29A are compared
with human Btk. Lower panel. Drosophila Pcs is compared with human Sab. The names of domains and the percent similarity between the
corresponding domains are indicated.
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ther determined whether mutant forms of the human Btk
gene could have any discernible eﬀects on the development
of male genitalia and adult lifespan when overexpressed in
the ﬂy.2. Materials and methods
2.1. Flies
For the generation of transformant ﬂies, the cDNAs were intro-
duced into the CaSpeR-hs vector (hs-cDNA). hs-cDNA was then
injected into w1118 homozygous embryos with a phs p helper plasmid.
Several independent ﬂy lines with hs-cDNA on the third chromosome
were obtained, and ﬂy lines doubly homozygous for the transgene and
Btk29AﬁcP mutation were constructed for examination of the activity
of the transgene in rescuing the Btk29AﬁcP phenotype. Individuals were
exposed repeatedly to heat shock treatment at 37 C for 30-min at
2.5-h intervals during the late 3rd larval instar to pupal stage. The pcsgs
mutant stock was a gift from Dr. M. Erde´lyi. The Btk29AﬁcP pcsgs-
carrying chromosomes were generated by recombination.
2.2. Morphological analysis of male genitalia
For genital cuticle preparation, the male adult terminalia were dis-
sected in PBS, ﬁxed with 4% paraformaldehyde, washed with 0.1%
Tween20 in PBS four times, cleared in 50% glycerol for 1-h, then
mounted in 80% glycerol.
2.3. Lifespan determination
Newly emerged ﬂies were maintained at 25 C in shell vials (20–25
ﬂies per vial and males and females were separated) containing stan-
dard food (cornmeal/yeast/agar), transferred to fresh vials (with cotton
stoppers) every 2–3 days, and scored for survival.
2.4. Western blot analysis
The levels of expression of ﬂy Btk29A and human Btk genes were
estimated by Western blot analysis. For Western blotting, ﬂies were
homogenized in lysis buﬀer [20 mM HEPES, pH 7.4, 0.5% Triton
X-100]. After 3 min boiling in the presence of 0.1 M dithiothreitol,
the lysate was applied to 10% polyacrylamide gels and then transferred
to an Immobilon polyvinylidene diﬂuoride membrane (Millipore, Bed-
ford, MA). The blots were incubated with an anti-Btk29A mouse anti-
body (1:1000) or an anti-Btk mouse antibody (1:1000; [37]) and
visualized using an alkaline phosphatase-conjugated secondary anti-
body (Bio-Rad, Hercules, CA). The antibody against Btk29A recog-
nizes the N-terminal side of the glycine rich region unique to the ﬂy
Btk29A (D. Yamamoto, unpublished data).2.5. Plasmids
Human Btk wild-type (Btk+), kinase inactive (Btk) and E41K
(BtkE41K) cDNAs [20] were subcloned into the NotI site of the
CaSpeR-hs vector.3. Results
3.1. Male genital phenotype
Wild-type males have single apodemes holding penises that
appear as straight, rod-like structures (Fig. 2A). The apodemes
in Btk29AﬁcP homozygous males typically split into two pieces
at their base (Fig. 2B). In some mutant males, the single apode-
mes emerged at the base and then split proximally. The split-
apodeme phenotype was rescued by the overexpression of type
1 wild-type Btk29A+ minigene driven by the heatshock70 pro-
moter (hs-type 1 Btk29A+; Fig. 2C) as had been reported pre-
viously [3]. For successful rescue, hs-type 1 Btk29A+ needed to
be expressed during the late 3rd larval instar to pupal stage.
The type 2 wild-type isoform (hs-type 2 Btk29A+) similarly res-
cued the split-apodeme phenotype when expressed under the
same conditions as those for the experiments with hs-type 1
Btk29A+ (Fig. 2D). An increase in the level of Btk29A protein
expression after heat-shock induction of hs-Btk29A+ trans-
genes was conﬁrmed by Western blot analysis (Fig. 2G).
In mammalian cultured cells, Btk is negatively regulated by a
binding protein Sab (SH3-domain-binding protein, which pref-
erentially associates with Btk, Fig. 1; [17,35]). Assuming that
Btk29A is similarly regulated by the Drosophila homolog of
Sab, we observed the genitalia of males mutated in parcas
(pcs), the locus encoding Drosophila Sab [23]. The males homo-
zygous for pcsgs, a null mutation, showed no visible defects in
their genitalia (Fig. 2E). Interestingly, a signiﬁcant proportion
of the males doubly mutant for Btk29AﬁcP and pcsgs developed
normal-looking genitalia (Fig. 2F), although Btk29AﬁcP males
exhibited the split-apodeme phenotype (Fig. 2B). This observa-
tion indicates that loss of the negative regulator Pcs restored
Btk29A activity to the level required for normal development
of the apodeme in these double mutant ﬂies. We generated
seven recombinant chromosomes carrying both Btk29AﬁcP
and pcsgs, all of which showed similar genetic interactions
between these two loci (Fig. 3).
Fig. 2. The split-apodeme phenotype of Btk29AﬁcP mutant males and diﬀerent rescuing ability of ﬂy Btk29A+ transgenes or a pcs mutation. Adult
male genitalia of Canton-S wild-type (A), Btk29AﬁcP (B), Btk29AﬁcP with expression of hs-type 1 Btk29A+ during the 3rd instar larval and pupal
stages (C), Btk29AﬁcP with expression of hs-type 2 Btk29A+ during the 3rd instar larval and pupal stages (D), pcsgs (E) and Btk29AﬁcPpcsgs (F). (G)
Western blot analysis of Btk29A protein expression with an anti-Btk29A antibody in the CS control (lanes 1 and 3) and the transformant ﬂies
carrying either the type 1 (lane 2) or type 2 (lane 4) minigene after heat-shock induction. Even without heatshock application, the hs promoter is
known to induce a low level of steady transcription of transgenes, although this kind of background expression has no phenotypic eﬀects. Such leaky
expression of transgene often obscures the elevated expression after heatshock in transgenic ﬂies because the detected band represents the sum of the
products from the intrinsic gene and the transgene. To avoid this ambiguity, CS was used as a control in these experiments. A non-speciﬁc band that
appeared in four lanes in common was shown below as a loading control. Proteins were extracted from the ﬂies that had been sacriﬁced 10 min after
termination of a single heatshock during the 3rd instar larval and pupal stages. Type 1 and type 2 Btk29A+ were equally eﬀective in rescuing the split-
apodeme phenotype. pcsgs did not reveal any genital defects on its own, but eﬀectively suppressed the split-apodeme phenotype of Btk29AﬁcP. The
split-apodeme in a Btk29AﬁcP male is indicated by arrowheads (B).
Fig. 3. The eﬀect of pcsgs mutation on the split-apodeme phenotype of Btk29AﬁcP. The proportion of male ﬂies with abnormal genitalia is compared
among seven diﬀerent recombinant chromosomes carrying both Btk29AﬁcP and pcsgs.
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hBtk+) could rescue the split-apodeme phenotype induced by
the loss of the type 2 isoform in Btk29AﬁcP. As illustrated inFig. 4B, overexpression of hs-hBtk+ can rescue the split-apo-
deme phenotype of Btk29AﬁcP. An increased level of expres-
sion of Btk after the heat-shock induction of hs-hBtk+ was
Fig. 4. The eﬀect of overexpression of human Btk on the split-apodeme phenotype of Btk29AﬁcP. The split-apodeme phenotype of an adult
Btk29AﬁcPmale was alleviated by the expression of hs-hBtk+ (B) or hs-hBtkE41K (D) during the 3rd instar larval and pupal stages, but not by hs-hBtk
(F). Without heat-shock induction, hs-hBtk+ (A), hs-hBtkE41K (C) and hs-hBtk (E) had no eﬀect on the split-apodeme phenotype of Btk29AﬁcP. The
split-apodemes are indicated by arrowheads (A, C, E and F). The level of expression of human Btk was compared between the non-heat-shocked and
heat-shocked transgenic ﬂies by Western blotting using an anti-human Btk antibody in (G). A non-speciﬁc band is shown below the Btk band as a
loading control.
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cuing eﬀect of hs-hBtk+ is speciﬁc, as a similar minigene with a
point mutation that eliminates the kinase activity of BtkFig. 5. Quantitative comparison of the rescuing eﬀect of various ﬂy and hu
abnormal genitalia is shown. The number of examined ﬂies is indicated in the
with a single ﬂy line. At least three independent ﬂy lines were examined for ea
two independent transgenic lines for each genotype are illustrated.(hs-hBtk) failed to rescue the mutation (Fig. 4F), showing
that the split-apodeme phenotype is indistinguishable from
Btk29AﬁcP mutants without expression of the minigene (Fig.man Btk minigenes and a pcs mutation. The proportion of ﬂies with
parenthesis above each bar. The data for each genotype were obtained
ch genotype, yielding similar results. In this graph, the results with the
N. Hamada et al. / FEBS Letters 579 (2005) 4131–4137 41354A, C and E). It has been reported that constitutive activation
of mammalian Btk can be attained by introducing an E41K
substitution in the PH domain [15]. We overexpressed a mini-
gene with the E41K mutation (hs-hBtkE41K) in Btk29AﬁcP mu-
tants, ﬁnding that it rescued the split-apodeme phenotype (Fig.
4D). The number of males that displayed any abnormalities in
their genitalia is compared between diﬀerent genotypes in Fig.
5. It can be seen that both type 1 and type 2 Drosophila wild-
type minigenes yielded almost complete rescue, while the nor-
mal and ‘‘activated’’ human Btk minigenes could rescue the
split-apodeme phenotype only to a lesser extent than did the
Drosophila wild-type counterparts.
3.2. Short lifespan phenotype
A total of 50% of the wild-type ﬂies survived for 55 days after
adult emergence (Fig. 6). In contrast, 50% of Btk29AﬁcP ﬂies
were dead by 7 days (Fig. 6). The Btk29AﬁcP mutation thus re-
duced adult longevity to 11% of wild-type. Induction of overex-
pression of hs-type 2 Btk29A+ throughout the 3rd instar larval
to pupal stage prolonged the adult lifespan of Btk29AﬁcP mu-
tants even though no further induction of hs-type 2 Btk29A+
was employed after adult eclosion (Fig. 6). A total of 50% of
Btk29AﬁcP ﬂies survived for 42 days after emergence. This cor-
responds to 76% of the mean lifespan of wild-type ﬂies. hs-type
1 Btk29A+ was less eﬀective in alleviating the short lifespan
phenotype of BtkﬁcP, resulting in attaining 53% of the wild-type
longevity (Fig. 6). Human Btk (hs-hBtk+) was much less eﬀec-
tive in extending adult longevity of Btk29AﬁcP, i.e., they dis-
played only 20% of the wild-type lifespan (Fig. 6). However,
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Fig. 6. The rescuing eﬀect on reduced lifespan in Btk29AﬁcP mutants of huma
was 11% that of the Canton-S wild-type (ﬁlled circles) when compared on t
during the late larval and pupal stages increased the longevity of Btk29AﬁcP
type 1 Btk29A+ increased it to 53% (ﬁlled squares). Expression of hs-hBtk+ un
of the wild-type level (open triangles), and no such extension of longevity wa
was not induced (ﬁlled triangles). The diﬀerence between the heatshocked an
signiﬁcant at P < 0.0001 in the log rank test of the Kaplan–Meier method.hs-hBtk+ is signiﬁcant (P < 0.0005 in the log rank test of the
Kaplan–Meier method). The ﬂies of the same genotype
(Btk29AﬁcP; hs-hBtk+) did not show any extension of lifespan
when they were not exposed to heatshock during the late 3rd
larval instar to pupal stage (no diﬀerence between Btk29AﬁcP
and Btk29AﬁcP; hs-hBtk+ without heatshock at P > 0.5 in the
log rank test of the Kaplan–Meier method).4. Discussion
Our results clearly demonstrated that human Btk can par-
tially replace the endogenous ﬂy Btk29A in male genital devel-
opment and adult survival. This fact indicates that Btk is
evolutionarily conserved in terms of function and not just
structure. It would be of interest to determine, in a future
experiment, whether other mammalian members of Tec, such
as Itk, Bmx, Tec and Txk [24] can similarly replace the ﬂy
Btk29A. To this end, in mice Tec can partially substitute for
Btk, since the double knock-out has a more severe phenotype
as compared to a Btk deletion mutant [7]. Since Btk29A is the
sole Tec family member in Drosophila, its functional promiscu-
ity may not be surprising. In fact, Btk29A plays important
roles in a wide variety of biological processes including cellu-
larization in the blastoderm [30], embryonic dorsal closure
[28], male genital development [3], oogenesis [12,22], mating
behavior [36] and adult survival [3]. Some of these functions
might have been taken over by descendant members of the
Tec family kinase later in evolution, and Btk itself became spe-
cialized for regulating B cell development in mammals.wild-type
Btk29AficP
Btk29AficP ; hs-Btk29A type2 +
Btk29AficP ; hs-Btk29A type1+
Btk29AficP ; hs-hBtk+
Btk29AficP ; hs-hBtk+
55 60 65 70 75 80 85 90 95 100
closion
n and ﬂy Btk transgenes. The adult lifespan of Btk29AﬁcP (open circles)
he day 50% mortality was observed. Expression of hs-type 2 Btk29A+
ﬂies to 76% of the wild-type level (open squares) and expression of hs-
der similar conditions increased the lifespan of Btk29AﬁcP ﬂies to 20%
s observed in ﬂies of the same genotype when the transgene expression
d non-heat-shocked groups of Btk29AﬁcP; hs-hBtk+ ﬁles is statistically
4136 N. Hamada et al. / FEBS Letters 579 (2005) 4131–4137Although human Btk at least partially rescued the two diﬀer-
ent phenotypes of Btk29AﬁcP, it functioned better in alleviating
the genital abnormality rather than the reduced lifespan. The
longevity phenotype appears to be more sensitive than the
split-apodeme phenotype to the types of minigene expressed
for rescue. The split-apodeme phenotype was almost com-
pletely rescued by either the type 1 or type 2 wild-type mini-
gene, yet the longevity phenotype was rescued by the type 2
wild-type minigene signiﬁcantly better than by the type 1
wild-type minigene. It may be envisaged that longevity is deter-
mined by integrated mechanisms, where Btk interacts with
multiple proteins, and therefore, the structural integrity of
Btk is critical to achieve its function.
Interestingly, the ﬂy type 1 minigene was a much better sub-
stitute for the endogenous Btk than human Btk in restoring
lifespan of Btk29AﬁcP ﬂies. This is intriguing in light of the fact
that the ﬂy type 1 isoform is devoid of the N-terminal PH and
TH domains, which are highly characteristic of Btk and are
shared by the ﬂy type 2 isoform and human Btk. This implies
that the C-terminal part of the type 1 isoform contains a
sequence critical for extending the adult lifespan, although
SH3, SH2 and kinase domains in this part of the molecule
are highly conserved between the ﬂy and human homologs.
It is noted that the TH domain of ﬂy Btk29A contains a stretch
of approximately 80 a.a. that is not present in human Btk. This
sequence might have conferred the better rescuing ability on
the type 1 minigene in comparison with the human Btk mini-
gene. One third of the 80 a.a. stretch unique to ﬂy Btk29A is
composed of glycine, while in the mammalian Btk, this portion
is occupied by the proline-rich domain that contains no glycine
[3]. It might be that the glycine cluster has a species-speciﬁc
function in the ﬂy, and human Btk could not fully replace ﬂy
Btk29A as it lacked this cluster.
In this study, we also showed that the elimination by muta-
tion of a putative negative regulator of Btk, Pcs, is suﬃcient to
restore the split-apodeme phenotype of Btk29AﬁcP. This ﬁnd-
ing suggests that the split-apodeme phenotype is sensitive to
changes in the dosage of other genes that encode proteins
interacting with Btk in vivo. Thus, it should be possible to
screen for enhancers and suppressors of the split-apodeme phe-
notype of Btk29AﬁcP under the conditions where human Btk is
overexpressed, aiming at identifying the genes that can be con-
sidered as therapeutic targets for XLA treatments.5. Conﬂicts of interest
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